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Abstract

The paracrine secretion of angiogenic cytokines from adipose-derived stem cells (ADSCs) might promote endothelial cell
angiogenesis, therefore promoting wound healing in injured tissues. Hypoxia is one of the common occurrence in injured
tissues, during which angiogenesis is enhanced to improve the oxygen supply. In the present study, miR-590-3p, an anti-
angiogenic miRNA, was predicted to target VEGFA, a key factor that can be transcriptionally upregulated by HIF1 A during
ADSC proliferation and tubule formation in response to hypoxic stimulation. Herein, we found that in response to hypoxic
stimuli, HIF1A and VEGFA protein expressions were remarkably induced. In addition, ADSC viability was promoted. Incu-
bation with conditioned medium from ADSCs stimulated by hypoxia significantly enhanced the angiogenic ability of human
dermal microvascular endothelial cells (HDMECSs), while the conditioned medium from VEGFA-silenced ADSCs signifi-
cantly reversed the angiogenic ability of HDMECs. Regarding the molecular mechanism, it was verified that miR-590-3p
binds to VEGFA; miR-590-3p inhibited VEGFA to affect the paracrine regulation by ADSCs, subsequently hindering the
HDMEC angiogenesis. More importantly, the consequences of miR-590-3p-overexpressing conditioned medium on HDMEC
angiogenesis were partially reversed by VEGFA-overexpressing conditioned medium. In conclusion, miR-590-3-5p/VEGFA
axis modulates the paracrine secretion of VEGFA by ADSCs to affect the angiogenesis of HDMECs.
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Introduction

Implants, which can be made from autogenous tissues or
synthetic materials, are used to replace tissues and organs
damaged or injured after trauma, cancer resection or con-
genital disease. For both kinds of implants, the survival of
large tissue replacements of damaged organs depends on
the formation of sufficient blood supply [1, 2]. Angiogen-
esis represents the formation of a new blood vessel network.
This complicated and structural process is involved in the
proliferation and migration of endothelial cells and the
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development of new blood vessels from preexisting ones
[1, 2]. Therefore, effective and prompt revascularization can
be the key to paracrine secretion of transplanted tissue, thus
performing the desired function recovery [3, 4].

The application of mesenchymal stem cells (MSCs) in
implants has been regarded as an effective approach for pro-
moting the formation of blood vessels of tissue-engineered
structures. Mesenchymal stem cells have been shown to
promote angiogenesis in ischemic conditions by secreting
growth factors, including VEGF [5]. A particular population
of adult mesenchymal stem cells that has been extensively
used to promote the formation of blood vessels of tissue-
engineered structures is adipose-derived stem cells (ADSCs)
[6], which can secrete various angiogenic cytokines to stim-
ulate angiogenesis [7, 8]. Hypoxic stimulation can induce
paracrine secretion of multiple cytokines from MSCs [9,
10]; after the migration of ADSCs to hypoxic regions, many
therapeutic paracrine cytokines are produced by ADSCs to
heal injured tissues [11]. A wide range of ADSC-secreted
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growth factors, such as autologous-inducing factors in tissue
repair, has been observed in recent years, including VEGF,
insulin-like growth factor (IGF), platelet-derived growth fac-
tor (PDGF), transforming growth factor-beta (TGF-p), and
fibroblast growth factor (FGF) [12—14]. The levels of VEGF
and its receptors (VEGF-R2, VEGF-R3), epidermal growth
factor (EGF), and FGF were remarkably higher within the
exosomes from human ADSCs under hypoxia stress than
they were in homeostatic exosomes [15]. Hypoxia acti-
vates hypoxia-inducible factor (HIF-1a) which modulates
angiogenic gene transcription, including VEGF and VEG-
FRs, to promote angiogenesis. Interestingly, in preliminary

experiments, we have revealed that out of IGF-1, VEGFA,
IL-10, IL-6, and IL-1p, the concentration of VEGFA was the
most increased in ADSCs in response to hypoxic stimulation
(Fig. 1c); thus, we speculate that hypoxic preconditioning
of ADSCs might increase the levels and the paracrine of
VEGFA and promote the angiogenesis of endothelial cells.

In addition to growth factors, another type of small RNA,
namely, miRNAs which were once regarded as “genetic
noise”, might also be essential for the formation of blood
vessels of endothelial cells through the posttranscriptional
modulation of gene expression [16, 17]. LncRNA HIF1A-
AS2 sponges miR-153-3p to promote HIF-1o upregulation,

A < - -
S 8 3 f
P*\ °
o < tin R J = M
] —_ g —_—
Sg Sg s R
o - o= ’ oe oe
\
3 3 CD29 / 3 / CD34 3 CD106
°102 102 103 104 105 108 1068 o102 103 104 105 106 1068 102 10%  10f 105 106 1068
B Control
A - 600+ i
F 2 YW1 7 pe 4 _ o 3 Normoxia
J - # E 5 1 Hypoxia
[ y . <))
4 =« \ A : oy % 400
* # P 3
T L aiy S
;5‘ [ - | 1% g
L . ; . S 2004 .
,;ci . /’ (4 A —-—“— < N L4 Sy b —‘—.:' | §
Oil Red O stainin
’ 0 ﬁﬁ Al OIS = ||
IGF-1 VEGFA IL-10 IL-6 IL-1B8
D 0 21% E 20, =1 Normoxia
o _ 20 1 10% g [ Hypoxia
2 [
$ w3 3% 15 o
0 0 = 154
21% 10% 3% 1% =15 = 1% 3
HIF-1a[ e wg| G e
o 10- % > 1.0
gr—— o =
VEGFA |* ‘ [ % *% e}
= ** 8 0.54
a 54 *% > Y-
B-Tubulin |————| E ’-Y-I |-7-| |-'-| |-Y_| 8
ol . | . 0.0
HIF-1a VEGFA

Fig. 1 Characterization of ADSCs and the responses of ADSCs to
hypoxia stimulation. a The immunophenotype of ADSCs (CD90,
CD29, CD45, and CD106) was determined by flow cytometry using
antibodies against CD90, CD29, CD45, and CD106, N=3. b The adi-
pogenic differentiation of ADSCs was examined by oil red O stain-
ing, N=3. ¢ ADSCs were exposed to 1% and 21% O, and then were
examined for the secretion of IGF-1, VEGFA, IL-10, IL-6, and IL-1.
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VEGFA was selected for further experiments, N=5. d ADSCs were
exposed to 1%, 3%, 10%, and 21% O, for 12 h and then maintained
in normoxic conditions for 24 h; the protein levels of HIF-1A and
VEGFA were determined by immunoblotting, N=5. ¢ ADSCs were
exposed to 1% O, for 12 h and then maintained in normoxic condi-
tions for 24 h. Cell viability was determined by MTT assay, N=5.
*P<0.05, *#P<0.01
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thus improving the formation of blood vessels within
HUVECs during hypoxia [18]. Inhibition of miR-590-3p
induced by YKL-40, a proinflammatory protein, promotes
IL-18 expression and endothelial progenitor cell angiogene-
sis [19]. miR-26a interacts with the BMP/SMADI signaling
pathway in endothelial cells to modulate pathological and
physiological angiogenesis [20]. The upregulation of miR-
29b induced by berberine contributes to ischemia-induced
angiogenesis in mouse hearts [21]. In BMP4-stimulated
human umbilical vein endothelial cells (HUVECs), miR-
494 has been reported to be significantly downregulated;
the overexpression of miR-494 hinders the angiogenic func-
tion of endothelial cells and miR-494 inhibition-enhanced
angiogenesis [22]. miR-16 is an miRNA that is thought to
target VEGF, and it is enriched in MSC-derived exosomes;
miR-16 is partially responsible for the anti-angiogenesis
effect of MSC-derived exosomes [23]. Exosomal miR-320
downregulates its target genes, including IGF-1, Hsp20, and
Ets2, in the cardiac endothelial cells of recipient mice, and
miR-320 overexpression hinders mouse cardiac endothelial
cell migration and tubule formation [24]. Thus, we hypoth-
esize that miRNAs might be involved in paracrine VEGFA
production by ADSCs and the subsequent angiogenesis of
endothelial cells.

Herein, we first determined the properties and the dif-
ferentiation potential of ADSCs and then we examined the
mRNA expression and protein levels of HIF1A and VEGFA
in ADSCs, as well as the cell viability of ADSCs in hypoxic
conditions. The specific effects of VEGFA silencing on the
DNA synthesis ability, cell migratory capacity, and vascu-
larization of ADSCs were examined in hypoxic conditions.
Next, the putative binding between miR-590-3p and VEGFA
and the relationships between miR-590-3p overexpression in
ADSCs and VEGFA expression and HDMEC angiogenesis
were investigated under normoxic and hypoxic conditions.
Afterward, the dynamic effects of miR-590-3p and VEGFA
overexpression in ADSCs on HDMEC angiogenesis were
evaluated in hypoxic conditions. These data have demon-
strated that a miR-590-3p/VEGFA axis that could modulate
VEGFA secretion by ADSCs, thereby affecting the angio-
genesis of HDMECs.

Materials and methods
Cell culture and hypoxia stimulation

Primary human ADSCs (ADSCs) were purchased from
ATCC (PCS-500-011™, Manassas, VA). Cells were cultured
in Dulbecco’s modified Eagle medium (DMEM, Gibco, CA,
USA) with 10% FBS and 1% antibiotics (named proliferation
medium, PM) for proliferating. The immunophenotype of
ADSCs, including CD90, CD29, CD34, and CD106 were

analyzed by flow cytometry (BD, San Jose, CA, USA). The
verification of adipogenic differentiation was performed by
oil red O staining as described previously [25]. Passage 2—4
ADSCs were used.

HDMECs were obtained from Sciencell (San Diego,
CA, USA) and were cultured in an endothelial cell medium
(Sciencell) supplemented with 5% FBS, 1% endothelial cell
growth supplement, and 1% penicillin/streptomycin solution.
Cells were cultured in 5% CO, at 37 °C until they reached
70-80% confluence.

For construction of the hypoxia-induced injury model,
ADSCs were exposed to 1%, 3%, 10%, and 21% O, for 12 h,
and then were introduced to normoxia for an additional 24 h.

Cell differentiation

Proliferation medium (PM) supplemented with 50 nM insu-
lin, 100 nM dexamethasone, 0.5 mM 3-isobutyl-1-methylx-
anthine, and 200 pM indomethacin (differentiation-inducing
medium, DM) was used for the induction of adipogenic
differentiation.

Cell transfection

VEGFA knockdown was achieved by transfection with si-
VEGFA (at a final concentration of 100 nM GeneChem,
Guangzhou, China). VEGFA overexpression was achieved
by transfection with a pcDNA-VEGFA expression vector (at
a final concentration of 1 pg/ml, GeneChem). The expres-
sion of miR-590-3p was achieved by transfection with miR-
590-3p mimics or an inhibitor (at a final concentration of
50 nM, Genepharma, Shanghai, China) with the help of
Lipofectamine 2000 (Invitrogen). The sequences are shown
in Table 1.

Protein level determination by immunoblotting

Cells were lysed for protein extraction, and the protein was
separated using an SDS-PAGE mini-gel. Protein samples
were then transferred to a PVDF membrane and probed
at 4 °C overnight with the following primary antibodies
obtained from Abcam (Cambridge, MA, USA): anti-HIF1-a
(ab82832), anti-VEGFA (ab1316), anti-p-Tubulin (ab6046).
Then the membrane was incubated with HRP-conjugated
secondary antibody. Afterward, an enhanced chemilumines-
cence detection kit (Beyotime, Biotechnology, China) was
used to visualize the signals. The protein level of B-tubulin
was employed for endogenous normalization when analyz-
ing the gray intensity, which was done using ImageJ soft-
ware (NIH, Bethesda, MD, USA).
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Table 1 Primer sequence

Name Forward Reverse

Si-NC UUC UCC GAA CGU GUC ACG UTT ACG UGA CAC GUU CGG AGA ATT
Si-VEGFA 1 CGACAAAGAAAUACAGAUATT UAUCUGUAUUUCUUUGUCGTT
Si-VEGFA 2 GGUUAAUAUUUAAUUUCAATT UUGAAAUUAAAUAUUAACCTT
Si-VEGFA 3 GAGAAUUCUACAUACUAAATT UUUAGUAUGUAGAAUUCUCTT
miR-NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

MiR-590-3p mimics
miR-590-3p inhibitor

UAAUUUUAUGUAUAAGCUAGU
ACUAGCUUAUACAUAAAAUUA

Inhibitor-NC CAGUACUUUUGUGUAGUACAA
QPCR
MiR-153-3p RT: GTCGTATCCAGTGCGTGTCGTGGAGTCGGC
AATTGCACTGGATACGACGATCAC
F: GCCTTGCATAGTCACAAAA
MiR-590-3p RT: GTCGTATCCAGTGCGTGTCGTGGAGTCGGC
AATTGCACTGGATACGACACTAGC
F: GCCGGCCTAATTTTATGTATAA
MiR-26a-5p RT: GTCGTATCCAGTGCGTGTCGTGGAGTCGGC
AATTGCACTGGATACGACAGCCTA
F: GCCTTCAAGTAATCCAGGA
MiR-29b RT: GTCGTATCCAGTGCGTGTCGTGGAGTCGGC
AATTGCACTGGATACGACCTAAGC
GCCTGGTTTCACATGGTG
MiR-494 RT: GTCGTATCCAGTGCGTGTCGTGGAGTCGGC
AATTGCACTGGATACGACGAGGTT
F: GCTGAAACATACACGGGA
MiR-16 RT: GTCGTATCCAGTGCGTGTCGTGGAGTCGGC
AATTGCACTGGATACGACCGCCAA
F: GCCTAGCAGCACGTAAATA
MiR-320 RT: GTCGTATCCAGTGCGTGTCGTGGAGTCGGC
AATTGCACTGGATACGACTCGCCC
F: GCAAAAGCTGGGTTGAGA
8[) CTCGCTTCGGCAGCACATATACT
VEGFA AGGGCAGAATCATCACGAAGT
B-Tubulin GACTGTCTCCAGGGCTTCCA
Plasmid construction
Wt-VEGFA 3'UTR CCGCTCGAGATCTTTTGCTCTCTCTTGCTCT
Mut-VEGFA 3'UTR GACAGTCAGATCGATATCTTGAACAGATATTTA

ATTTTGCTAACACT

UAGCUUAUACAUAAAAUUAUU

R: CAGTGCGTGTCGTGGA

=~

: CAGTGCGTGTCGTGGA

R: CAGTGCGTGTCGTGGA

R: CAGTGCGTGTCGTGGA

R: CAGTGCGTGTCGTGGA

R: CAGTGCGTGTCGTGGA

R: CAGTGCGTGTCGTGGA

ACGCTTCACGAATTTGCGTGTC
AGGGTCTCGATTGGATGGCA
GAGTAGGTTTCATCTGTGTTTTCCA

AAATATGCGGCCGCCTATTTTTTCTTGTTTTGTTTT

TAC
GATATCGATCTGACTGTCACCGATCAGGGAGAG

VEGFA overexpression AAATATGCGGCCGCCTGACGGACAGACAGACAG CCGCTCGAGTCACCGCCTCGGCTTGTC

ACACC

Polymerase chain reaction (PCR)-based analyses

Total RNA was extracted, processed, and examined for
the expression of target mRNAs and miRNAs following
previously described methods [26]. mRNA and miRNA
expression was detected by an SYBR green PCR Master
Mix (Qiagen, Hilden, Germany) using f-tubulin (for mRNA
examination) or RNU6B (for miRNA examination) as an
endogenous control. The data were analyzed using a 2724¢T
method. The primer sequences are shown in Table 1.
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Luciferase reporter assay

To validate the predicted binding between miR-590-3p and
the VEGFA 3'-UTR, we constructed wild- and mutant-
type VEGFA 3'-UTR luciferase reporter vectors by cloning
the wild-type VEGFA 3'-UTR downstream of the Renilla
psiCHECK?2 vector (Promega, Madison, WI, USA) or by
mutating the predicted miR-590-3p binding site. 293T cells
(ATCC, USA) were cotransfected with these vectors and
miR-590-3p mimics or an miR-590-3p inhibitor. Luciferase
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activity was determined using a Dual-Luciferase Reporter
Assay System (Promega, Madison, WI, USA), and we used
firefly luciferase activity for normalization.

Analysis of cytokines by ELISA

The culture medium was collected for ELISA using human
IGF-1, VEGFA, IL-10, IL-6, and IL-p1 ELISA kits accord-
ing to the manufacturer’s instructions (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA). The specific binding opti-
cal density was immediately assayed immediately at 450 nm
with a spectrophotometer (Bio-Rad Laboratories).

DNA synthesis determined by EdU assay

EdU (5-ethynyl-2'-deoxyuridine) is a nucleoside analog of
thymidine that is incorporated into DNA during active DNA
synthesis. Incorporation of EdU into genomic DNA in the
S-phase is detected based on a click reaction between the
alkyne moiety of EdU and a fluorescent azide. DNA synthe-
sis ability was detected by EdU assays using an EdU assay
kit (RiboBio, Guangzhou, China) following a previously
described method [27]. The cells containing newly synthe-
sized DNA were labeled by green fluorescence. The nucleus
was stained with DAPI. Representative images were taken
under an IX71 fluorescence microscope (Olympus, Tokyo,
Japan).

Cell migration determined by transwell assays

For the Transwell migration assays, HDMECs were seeded
onto the upper chambers of transwell 24-well plates (Corn-
ing, Corning, NY, USA) at a density of 1 X 10° cells/well
with 8 pm pore filters. The polycarbonate transwell filters
without Matrigel on the upper chambers were used for
migration analysis. A medium without serum was used to
suspend the cells suspended in the upper chambers and a
medium with serum was added to the bottom chambers for
the migration analyses. After 12 h, the cells attached on the
upper surface of the filter membranes were cleaned and the
migrated cells on the membrane surface of the bottom cham-
bers were fixed with 4% paraformaldehyde and then stained
with 0.5% crystal violet (Sigma Aldrich, St. Louis, MO,
USA). Observing the cells and capturing their images were
performed under an optical microscope (Olympus CKX53,
Tokyo, Japan).

ADSC effects on HDMEC tube formation
under hypoxic conditions

The impacts of paracrine release from ADSCs (includ-
ing VEGFA silenced, miR-590-3p overexpressed, and
miR-590-3p and VEGFA co-overexpressed) on HDMEC

angiogenesis were evaluated using BD Matrigel wells (BD
Biosciences, Franklin Lakes, NJ, USA). HDMECs were
seeded into 96-well microtiter plates coated with Matrigel
(80 ml/well), incubated for 1 h, and then suspended in
conditioned medium from ADSCs and plated in triplicate.
The formation of tube-like structures was examined at 6 h.
Quantitative analysis was conducted using ImageJ software
(NIH, Bethesda, MD, USA). Tube formation was analyzed
by quantifying the number of branches or tube length per
high-powered field.

Statistical analysis

The results from at least three independent experiments are
processed with GraphPad (San Diego, CA, USA) and are
expressed as the mean + standard deviation (SD). Statistical
significance was evaluated by one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test or
by Student’s ¢ test. A P value of less than 0.05 is considered
statistically significant.

Results

Characterization of ADSCs and the responses
of ADSCs to hypoxic stimulation

We first verified the stem cell properties of ADSCs. The
cultured ADSCs were positive for CD29 and CD90, but
were negative for CD34 and CD106 (Fig. 1a), and they could
differentiate into adipocytes (Fig. 1b). First, we examined
the secretion of a number of growth and inflammation fac-
tors that have been reported to be released from ADSCs.
As the ELISA results showed, VEGFA was most signifi-
cantly released during hypoxia treatment (Fig. 1c). Next,
we exposed ADSCs to 1%, 3%, 10%, and 21% O, for 12 h,
and then returned the cells to normoxia for 24 h. The protein
levels of HIF1A and VEGFA could be remarkably induced
by hypoxia in an oxygen concentration-dependent manner
(Fig. 1d). The protein levels of HIF1A reached peak values
at 1% O,. Therefore, the following hypoxic exposure experi-
ments were conducted under 1% O,. As shown in Fig. le,
the cell viability increased upon hypoxic stress. These data
indicate that ADSCs grow faster upon hypoxic treatment;
HIF1A and VEGFA might both be involved in ADSC cel-
lular functions under hypoxic conditions.

Effects of ADSC paracrine on HDMEC functions
upon hypoxia

Next, we investigated whether the increased VEGFA in

ADSC:s in hypoxic condition might contribute to the angio-
genic ability of HDMEC:s. First, the suppressing efficiency
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of si-VEGFA-1, si-VEGFA-2, and si-VEGFA-3 was deter-
mined using real-time PCR (Fig. 2a) and immunoblot-
ting (Fig. 2b); si-VEGFA-1 was selected for use in further
experiments.

Next, ADSCs were transfected with si-VEGFA and
exposed to normoxia or hypoxia, and the conditioned media
from the different groups were collected and used to incu-
bate with HDMECs. As shown in Fig. 2c—e, the migration
capacity, DNA synthesis ability, and tubule formation capac-
ity of HDMECs in conditioned medium from hypoxia-stim-
ulated ADSCs were significantly enhanced; however, these

increases were significantly reversed by VEGFA silencing.
These data indicate that VEGFA silencing in ADSCs attenu-
ates the angiogenic capacity of HDMECs.

miR-590-3p targets the VEGFA 3'UTR to inhibit its
expression

As we have mentioned, miR-153-3p, miR-590-3p, miR-
26a-5p, miR-29b, miR-494, miR-16, and miR-320 are all
angiogenesis-related miRNAs. Among these miRNAs,
miR-590-3p was the only one that exhibited significantly
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Fig.2 Effects of ADSC paracrine on HDMEC functions upon
hypoxia VEGFA silencing were obtained by transfection with si-
VEGFA-1, si-VEGFA-2, and si-VEGFA-3, and the efficiency of
reduced gene expression was measured by a real-time PCR (n=5)
and b immunoblotting (n=3); si-VEGFA-1 was selected for further
experiments. c—e ADSCs were transfected with si-VEGFA and then
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downregulated expression in hypoxic conditions compared
to that of cells in normoxia (Fig. 3a); thus, we hypoth-
esize that miR-590-3p might participate in HDMEC angi-
ogenesis in response to the paracrine effects of ADSCs.
More importantly, as predicted by the IncTar online tool,
miR-590-3p might suppress the expression of VEGFA via
binding to its 3'UTR, indicating that miR-590-3p could
be involved in HDMEC angiogenesis in a VEGFA-related
manner.

To confirm the detailed involvement of miR-590-3p in
VEGFA regulation, miR-590-3p mimic and anti-miR-590-3p
were used to overexpress or inhibit miR-590-3p in ADSCs,
respectively (Fig. 3b); VEGFA expression could be nega-
tively modulated via miR-590-3p (Fig. 3c). To examine the
putative binding between miR-590-3p and VEGFA, we con-
ducted a luciferase reporter assay via the construction of
wild- and mutant-type VEGFA 3'UTR luciferase reporter
vectors that contain wild-type or mutated miR-590-3p
binding sites (Fig. 3d). Figure 3e shows that the luciferase
activity of the reporter vector with the wt-VEGFA 3'UTR
was significantly reduced by miR-590-3p overexpres-
sion, whereas it was increased by miR-590-3p silencing.
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Fig.3 miR-590-3p targets the 3'UTR of VEGFA to inhibit its expres-
sion. a ADSCs were exposed to 1% or 21% O, and examined for the
expression of miR-153-3p, miR-590-3p, miR-26a-5p, miR-29b, miR-
494, miR-16, and miR-320 by real-time PCR, N=6. b miR-590-3p
expression was assessed in ADSCs following transfection with an
miR-590-3p mimic or with anti-miR-590-3p, as confirmed by real-
time PCR, N=5. ¢ The expression of VEGFA in response to miR-
590-3p overexpression or miR-590-3p inhibition was determined by

Mutating the predictive miR-590-3p binding site within the
VEGFA 3'UTR abolished the alterations in luciferase activ-
ity (Fig. 3e). In summary, miR-590-3p inhibits VEGFA via
direct targeting.

The involvement of miR-590-3p overexpression
in VEGFA secretion and HDMECs

First, we confirmed the binding between miR-590-3p and
VEGFA. Then we determined the specific cellular func-
tions of miR-590-3p in regard to VEGFA and HDMEC
angiogenesis. As shown in Fig. 4a, the hypoxia-induced
increase in TGFf1 secretion from ADSCs was significantly
reduced by miR-590-3p overexpression. Figure 4b—d shows
that hypoxia-induced HDMEC DNA synthesis ability, cell
migration, and tubule formation could be significantly sup-
pressed by miR-590-3p overexpression, indicating that miR-
590-3p overexpression in ADSCs could suppress HDMEC
angiogenesis by inhibiting the secretion of VEGFA in
ADSCs.

(o
1 miR-NC 4 # [ miR-NC
1 miR-590-3p T = mirs90-3p
BN anti-NC 31 BN anti-NC

[ anti-miR-590-3p [ anti-miR-590-3p

Relative VEGFA mRNA level
N

14
*
0- = ]

[ miR-NC

[ miR-590-3p
Hl anti-NC

[ anti-miR-590-3p

g
=)
1

-
o
1

Relative luciferase activity
o -
2 (=)
r 1

|

wt-VEGFA 3'UTR mut-VEGFA 3'UTR

o
=)

real-time PCR, N=5. *P<0.05, **P<0.01, compared to the NC
mimic group; #P <0.01, compared to the anti-NC group. d Wild-type
and mutant-type VEGFA 3'UTR luciferase reporter vectors contain-
ing wild or mutated miR-590-3p binding were constructed. e 293T
cells were cotransfected with these vectors and a miR-590-3p mimic
or anti-miR-590-3p, and the luciferase activity was determined, N=3.
##P <0.01, compared to control group; #*P <0.01, compared to miR-
590-3p mimic group
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HDMECs were cultured with ADSCs conditioned medium and exam-

Dynamic effects of miR-590-3p and VEGFA
upon HDMECs

Having demonstrated that miR-590-3p directly targets
VEGFA, we next investigated whether the overexpression
of VEGFA might reverse the effects of miR-590-3p over-
expression in HDMEC angiogenesis. As shown in Fig. 5a,
b, VEGFA mRNA expression levels and the VEGFA con-
centration within the culture medium were both remarkably
suppressed by miR-590-3p overexpression, but they were
enhanced by VEGFA overexpression; the effects of miR-
590-3p overexpression could be significantly reversed by
VEGFA overexpression.

Next, HDMECs were cultured in CMs from different
ADSCs. The DNA synthesis, cell migration, and tubule
formation of HDMECsSs could be significantly suppressed
in miR-590-3p-overexpressing conditioned medium, but
they could be enhanced in VEGFA-overexpressing condi-
tioned medium; the effects of miR-590-3p overexpression
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were significantly reversed by VEGFA overexpression
(Fig. 5c—e). These data indicate that miR-590-3p affects
VEGFA secretion from ADSCs to modulate angiogenesis
in HDMECs.

Discussion

Herein, we revealed that ADSC-secreted VEGFA served
as a crucial growth factor involved in the paracrine-medi-
ated ADSC modulation of HDMEC angiogenesis. HIF1A
and VEGFA mRNA and protein expression could be mark-
edly induced by hypoxia, and there was also an increase in
ADSC cell viability. Incubation with conditioned medium
from ADSCs treated with hypoxia significantly enhanced
the angiogenesis capacity of HDMECs, while the condi-
tioned medium from VEGFA-silenced ADSCs signifi-
cantly reversed the angiogenesis capacity of HDMECs.
Furthermore, miR-590-3p suppressed VEGFA expression
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Fig.5 Dynamic effects of miR-590-3p and VEGFA on HDMECs:.
ADSCs were co-transfected with miR-590-3p mimic and VEGFA-
overexpressing vector upon 1% O, stimulation and examined for a
VEGFA mRNA expression (n=5) and b VEGFA secretion (n=3);
HDMECs were cultured with ADSCs conditioned medium and exam-

and secretion through ADSCs via binding to its 3'UTR
region, thereby modulating HDMEC angiogenesis by
affecting the paracrine effects mediated by ADSCs; the
involvement of miR-590-3p-overexpressed conditioned
medium in HDMEC angiogenesis could be significantly
reversed by VEGFA-overexpressed conditioned medium.

Hypoxia is one of the most critical characteristics of
injured tissues. HI1F1 has emerged as a crucial heterodi-
meric transcription factor, and the onset of its expression is
considered one of the significant early cellular responses to
low oxygen. Within hypoxic environments, HIF1 can target
hypoxia-responsive elements (HREs) and induce the tran-
scription of several target genes that contribute to angiogen-
esis [28]. Under hypoxic conditions, the transcription fac-
tor HIF-1 exerts a direct regulatory effect on the expression

ined for ¢ DNA synthesis ability, d cell migration, e tubule formation
ability by EAU (n=3), transwell (n=>5) and Tubule formation assays
(n=3). ¥*P<0.05, **P<0.01, compared to control group; #P<0.01,
compared to NC mimic + VEGFA group. CM conditioned medium

of VEGEF [29, 30]. ADSCs have an excellent regenerative
capacity, and multiple studies have proven that they aug-
ment tissue repairs by accelerating angiogenesis and fibrosis
during the healing period [31-33]. The hypoxic conditions
lead to excessive production of therapeutic paracrine factors
by ADSCs, including VEGFA, thus repairing injured tis-
sues [11]. During the C-reative protein-mediated prolifera-
tion and proangiogenic paracrine activity of ADSCs, HIFla
activation leads to the upregulation of VEGFA expression,
which then significantly increases tubule formation [34]. In
diabetic mellitus rat models, local intervention with ADSCs
improves the neovascularization of diabetic ischemic skin
by regulating the HIF-1a/VEGF pathway [35]. In the pre-
sent study, hypoxia exposure induced significant increases
in HIF1A and VEGFA mRNA and protein expression,
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suggesting that VEGFA may be the critical factor in the
paracrine factors from ADSCs in hypoxic conditions.

As a highly modulated process, angiogenesis results in the
formation of new capillary sprouts from existing microves-
sel networks. During angiogenesis, new blood vessels form
from original microvascular networks, migrate, proliferate
and survive [36]. Several events may occur in the process of
angiogenesis: the activation of endothelial cells and paren-
tal vasodilatation, the digestion of the basal membrane and
the migration of endothelial cells from parental vessels to
the sites where angiogenesis is necessary, which occurs via
chemotaxis of monocytes, platelets, mast cells, and neutro-
phils [37]. It has been reported that the conditioned medium
of ADSCs harvested under hypoxic conditions significantly
promoted collagen synthesis and wound healing compared
with what was observed in normoxic conditions [38]. To
confirm the detailed involvement of ADSC-secreted VEGFA
in endothelial cell angiogenesis, we incubated HDMECs
with different CMs obtained from VEGFA-silenced or non-
silenced ADSCs in hypoxic or normoxic conditions and
found that hypoxia induces the secretion of VEGFA from
ADSC:s to promote HDMEC angiogenesis. After VEGFA
silencing in ADSCs, the angiogenesis of HDMECs was also
suppressed (Table 1).

In addition to growth factors, emerging evidence also
indicates that miRNAs affect angiogenesis by modulat-
ing angiogenesis-associated cell proliferation, differen-
tiation, apoptosis, migration, and tubule formation [39]
by binding to downstream target mRNAs in their 3'UTRs
to block translation or to induce degradation [40-43].
As we have mentioned, several miRNAs, including miR-
153-3p, miR-590-3p, miR-26a-5p, miR-29b, miR-494,
miR-16, and miR-320 can be essential for angiogenesis,
depending on the cell type and their downstream targets.
For example, miR-26a inhibits angiogenesis by targeting
the HGF-VEGTF axis in gastric carcinoma [44]. MiR-153
inhibits angiogenesis in HUVECs by targeting HIF1A
[18]. Among the miRNAs mentioned above, miR-590-3p
expression was remarkably suppressed by hypoxia in
ADSCs. MiR-590-3p could bind to VEGFA. Similar to
VEGFA-silenced conditioned medium, miR-590-3p-over-
expressing conditioned medium significantly inhibited the
angiogenesis of HDMECs, and VEGFA-overexpressing
conditioned medium reversed the involvement of miR-
590-3p overexpression in VEGFA secretion and HDMEC
angiogenesis. In summary, miR-590-3p binds to VEGFA
to inhibit VEGFA secretion from ADSCs, thereby inhib-
iting HDMEC angiogenesis. Zhou et al. also found that
miR-590 inhibited angiogenesis by targeting the nuclear
factor 90/VEGF axis in colorectal cancer [45].

In conclusion, the miR-590-3p/VEGFA axis modulates
the paracrine secretion of VEGFA by ADSCs to affect the
angiogenesis of HDMEC:s.
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